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METHOD AND APPARATUS FOR ASSAY OF ELECTROCHEMICAL PROPERTIES

[01] Theuse of electrochemical means of detection has often been chosen for its
simplicity, both in terms of device manufacture and in terms of ease of use. The principle mode of
selectivity of electrochemistry (both for amperometric and potentiometric modes) is the reduction-
oxidation (also callcd “redox’") potential of the analyte (which is the chemical species of
electrochemical interest). For example, using the teéhnique of amperometry (where the potential is
applied to-the electrode, and the resulting current is measured), the selectivity towards the analyte is
achieved based on the redox potential of the analyte.

{02] - The signal that is generated at the electrode can depend on many factors and
properties of t-he electro;henﬁcal system. Examples of properties of the sample that affect the
transport of the analyte include viscosity, temperature, density, énd ionic strenéth. The variations
that affect the transport of the analyte can subsequently affect the measured electrochemical signal.
Examples of such transport mechanisms include diffusion, migration, and convection.

[03] In another example, the properties of the electrode itself can affect the transport of
the analytes and/or the kinetics of any reactions that may generaté the measured electrochemical
signals. Examples of such properties include the effective electrode area, the geometry of the
electrodes, the geometry of the sample chamber, the extent of electrode fouling, diffusional barrier
membranes over the electrode, and catalytic properties-of the electrode material.

[04] Electrochemical senéors are commonly found in a number of sensing applicétions,
from medical biosensors to environmental and gas sensors. There are commonly two rﬁodes of
electrochemical measurement, amperometric and potentiometric. Aﬁperometric sensors operate on
the principle of applying a voltage pote_ntial to an eléctrode and measuring the resulting current.

Examples of amperometric sensors include most commercial glucose biosensors and many gas
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sensors. Potentiometric sensors bperate on the principle of applyihg a current to an‘ electrode and
- measuring the resulting potential. It is often the case that the applicd‘current is kept at zero amps.
The pH eleétrode is an example of a potentiometric sensor.
[05] . Fig. 1 shows the action of an amperometric sensor in which a voltage is applied to
the :electrode 310 which causes a particular analyte (the substance being measured) in the sample to
' be oxidized (i.e., giving up electrons to the electrode). The oxidation causes a current 315 to be
generated which can then be detected and analyzed. The potential at which the analyte oxidizes is
called the “oxidation potential” of the analyte. |
- [06] Generally speaking, the term “redox potentnal" is used to indicate the potential at
which an analyte is either oxidized or reduced. In the sensor of Fig. 1, ferrocyanide (“FERRO™)
300 transfers electrons to the electrode if the potential is hlgh enough to cause the electrochemical
reaction to occur. Once the electrons are transferred, ferrocyanide is oxidized to ferricyanide
(“FERRI) 305.
[07] Thus, in Fig. 1, a sufficiently high potential is being applied to oxidize ferrocyanide,
the ;educed form of the electroactive species, to the oxidized form, ferricyanide, and the resultant
current 315 detected by the electrode depends on the concentration of the reduced species.

[08] As discussed above, the current from amperometric sensors depends on a number of
factors in addition to the concentration of the analyte of intefest. Traditional amperometric methodsv
rely on the aséumption that only the concentration of the analyte changes from measurement to
measurement; hence, when other factors of the electrochemical system vary, the measured signal
and the estimate of the analyte concentration can be incorrect. Potentiometric sensors also suffer
from related factors, including transport of the analyte and electrode fouling. Variations in these
factors would add uncertainty and error to the measured signal. For example, Fig. 2 shows the DC
current from two amperometric sensors where the effectivé electrode area is changed. Data points -
455 are measured in a sample containing 10 mM ferrocyanide. Data points 450 are measured in a

sample containing 20 mM ferrocyanide. In both cases, as the electrode area varies, the measured
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DC current signal varies as well. Furthermore, for a given electrode area, increasing the anal_yte
concentration from 10 mM to 20 mM rcsqlts in measuring an increased cuﬁent signal. This ~‘
illustrates the dependence of the méésure’d DC current signal on tﬁe electrode area 'and on the
analyte concentration. | | |

[09] Several factors may contribute to a sensor having variable electrode area. One
source may be errors during manufacturing that may lead to variability in the electrode area from
sensor fo sensor. Another factor may be deter_ioration of the electrode during use. Another factor
may be incofnpleté contact of the éample with the sensor electrd-de, examples of which are
illustrated in Figures 8 and 9.

(10] Figures”8a through éc are schematic diagrams of a fypical electrochemical test strip
that form_s the basis for many commercially available glucose biosensors. In Fig. 8a, there are two
electrodes 355, céch of which is connected to leads 350 that interface with the electronics of the
meter. The electrodes 355 and lcads- 350 may be coupled t(|) é support substra;e 375. .In this
eka;nph, the. test strip uses a commonly used 2-electrode configuration. In Figure 8a7 the s‘ample
36b cémpletely covers both electrodes, ensuring that the entire electrode area of each électrode isin
contact with the sample. In Figure 8b, sample 370 covers one electrode completely but partially
covers the other electrode. In Figure 8c,- sample 365 partially covers bofh eléctrodes.

[11] Figure 9 illustrates partial coverage of électrodes bya éample for a different
geometry of eIchodes. In this example, an electrochemical test _strip is made with two electrodes
faéing each otherin a para!lél plate .design. Electrode 400 and electrdde 405 are supported by a
solid substrate material 420. Sample 410 fills the sample chamber and covers both electrode areas
fully. Sample 415, however, only partially covers both electrode areas and results in a system of -
| reduced effective electrode area. Such iﬂcomplete coverage of the eléctro&é surface can be a result
of partial filling of the sample chamber. In one example, diabetic patients that make blood glucose
measurements must often use such electrochemical test strips to make measurements of bloéd

glucose. In such cases, if enough blood does not enter into the sample chamber, incomplete
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coverage of the electrode system can result, yielding inaccurate glucose estimates. Thus, a method
to assess the effective electrode area that is indcpeﬁdent of the analyte concentration would be
useful,

[12] - Furthermore, the volumé of sample that enters into 'the test strip can be estimated.
Referring -to Fig. 9, if tHe three dimensions of the sample chamber that contains sample 415 are
known, then the volume of samijle 415 can be estimated by.scaling the total geometric volume of
the sample chamber by the fractional z:mount of the elec&ode coverage. In one examplé, the total
voluxhé of thé sample chamber is 100 nL. If sample 415 is determined to co;/er 75% of the
electrode 40;5, then one estimafe of the volume of sample 415 would be (0.75)*100nL = 75nL. The
‘esﬁx.nate of the sample volume would be useful when making measurements .that depend on
knowing the volume of the sample in the electrochemiqal cell. One example of where this
knowlcdge would be useful is in coulometry.

[13] Figure 4 illustrates the problem of electrode fouling with electrochemical seﬁsors.
Electrode fouling, also called sensor fouling, is a term that describes material 320 adhering,
adsorbing, or otherwise coating all or part of the electrode 310. In this exa_tmple, the anaiyte is
ferrbcyériide 300 which must moyé. thféugh the fouling material 320 and then react at the electrode
320 in an oxidation reaction that yields an electronic curfent 315 in the electrode 310. The product
of the reaction is ferricyanide 305 which theﬁ movés back out of the fouling material 320. One
example of when electrode fouling may occur is during extended use of the sensor in environments
that could cause fouling, such as implanting a biosensof into tﬁe body or deploying gas sensors in
environments containing sulfides. In suéh situations, as weﬂ as other situations that -would be
apparent to one skilled in the art, material may déposit onto the electrode, causing a distorted signal
to be measured. Often, the measured signal intensity decreases as the amc;unt of electrode fouling
increases until ultimately the sensor becomes insensitiv.e to the target analyte. In other caseé, the

fouling material may act as a catalyst for certain chemical reactions and the sensor’s response may
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actually be enhanced. In either case, if the sensor’s response is altered due to fouling, then the
resulting measurement is inécc-:qrate. | } |

| [14] Inthe calibration curves shown in Fig. 3, data points 470 rheasufe_ the DC current
from samples with different concéntrations of ferrocyanide with an electrode that is no£ fouled.
Data points 480 measure the DC cun‘ent. from samples with different concentrations of ferrocyanide
with an electrode that is fouled by a coating of 3.33 g of cellulose acetate. Data points A490
measure the DC current from samples with different conccntrations of ferrocyanide with an
elec&ode that is fouled by a coatipg of 10 ug of cellulose acetate.- This example illustrates that the
meaéurgd -DC current signal in this amperometric sensor depends on both the anéllyte concentration
and the extent bf electrode fouling. Thué, alow DC signal may be the result of eithgr low analyte
concéntration or due to incrca;ed electrode fouling. Thus, a means to determine the extent of
electrode fouling which is independent of analyte céncchtration would be useful. Such a method
could tﬁeh be used to adjust the measufcd current éignai and correct‘for signal distortion caused by
electrode fouling. '.

[15] Although the previous two examp'les were illustrated with amperometric sensors, one
of ordinary skill in the art will reéognize the appliéation to potentiometric sensors. Potentiometric
sensors also rely on analyte coming into the proximity of the electrode.

" [16] - Thué, when electrochemical means of detec;ion are used, the 'eniritomnehta] factors -
- inClud{hé the pr'dpeft'iéé'of the ;ample thaf contain the analyte -- may heavily inﬂuenéc the signal
that is measured. Such factors may introduce inaccuracies _ihto the meaSurémént, including but not
limited to, change in calibrétion and change in sensitivity, Hence a method and apparatu§ for
detecting properties of the environment that may affect the 'measured signal, including dielectric
constant of the sample or the electrode, effective electrbde area, and ionic strength of the sample,
would benefit electrochemical sensor systems and may allow for corrections to i)e made to the
es'timatedr analyte concentration, calculated from the measured signal, based on the information

about the environmental factors.



WO 03/069304 . , PCT/US03/04024

SUMMARY OF THE INVENTION

[17]° Anembodiment pf the present invention relates to a method for monitoring a select.
anaiyte ina gample in an electrochemical sysfem. The fnethod includes applying to the |
elec&ocherrﬁcal system a time-varying potential superimpdsed on a DC potential to generate a
signai; and discerning from the signal a contribution from the select analyte by resolving an

estimation equation based on a Faradaic signal component and a nonfaradaic signal component.

BRIEF DESCRIPTION OF THE DRAWINGS
(18] The accofnpanying drawings, which are incdtpbrated in and constitute a part of this
specification, illustrate se?eral embodiments of the invention and together with the descn'_ption,
serve to explain fhe principles of the invention. ‘
[19] - Fig. lisan amperometric sensor for measuring ferrocyanide;
[20] Fig. 2 is a chart showing the increase in DC current due to increése in electrode area
for two Samples with different ferrocyanide concentration;
[21] Fig. 3is célibl;ation curves showing the increase in DC current due to increasing
concentratioﬁ of ferrocyanide using three electrodes with different extents of fouling; |
[22] Fig.4isan amperometric.sensor for measuring ferrocyanide where the electrode ié
fouled; |
[23] Fig. 5 is flow diagram illustrating a method for processing eléctrochemical signals in
accordance with an illustrative embodiment;
| [24] Fig. 6 is flow diagram illustrating a method for prdcessiﬁg electrochemical signals in |
accérdance with another illustrative embodiment;
[25] Fig.7isa systerh for processing electrochemical sign'cils in accordance with another
illustrative embodiment;
- [26] Fig. 8 shows three examples of how a sample can make contact with electrodes for

one particular geometric organization of electrodes;
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[2;7] Fig. 9 shows two examples of how a sample can make contact with electrodes for
another particular geometric organization of electrodes;

(28] .Fig. -10 shows calibration curves for ferrocyanide obtained with-electrodes of two
diffef_ent effective areas;

[29] ' Figs. 11 shows a waveform applied to an electrode system in éccordance with an
ex;lmple performed psing the methods of Fig. 5 and Fig; 6;

'_ [30] Fig. 12 shows how a vector in the complex plane can be decomposgd into a real part
andA an iﬁagihary part; |

| [31] Fig. 13 1;s a chart showing the increase of the imaginad component of tﬁe AC current |
with increasing electrode area from measurements made from two samples containing different
concentrations of ferrocyanide; |

[32] . Fig. 14 is a. chart showing the dependence of the DC current on the extent of
electrode fouling from three samples containing different amounts of ferrocyanide;

[33] Fig. 15 shows how the felationship between the slope and intercept of a calibration
curve, that relates concentration of ferrocyanide to DC current; depends on the extent of electrode
fouling; | |

[34] Fi g 16 is a chart showing the amplitude of the AC current for diffe;cnt
concgntrations of ferrocyanide as measured vyith three electrodes with diffeféht exteﬁts of fouling;

" [35] Fig. 17 shows the value of the’ AC current for mcasuremcpts made with electrodes
witﬁ -different extents of fouling;

[36] Fig. 18 is a glucose meter in accordance with an i]luéUative embodiment; and

[37] Fig. 19is an illustration of a fuel tank contai;nin‘g spatially separated layers of petrol

and water.

DETAILED DESCRIPTION

[38] Reference will now be made in detail to several illustrative embodiments of the

present invention, examples of which are shown in the accompanying drawings. Wherever
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possible, the same reference numbers will be used throughout the drawings to refer to the same or
like' parts.

[39]1 Systems and methods are ﬁrovided herein for improving the accurécy and
produétivity of sensors via digital signal processing techniques. In particuiar, in accordance with
certain illustrative embodiments, methods are provided herein for monitoring environmental effects
that can affect the méasured sensor signal, e.g. effective electrode area and/or extent of fouling, to
correct for measurement errors. In this way, a change in the measured signal that is due to an
env_ironm_en@ factor can be substantially reduced to more accurately measure the concentration of a
target analyte, such as ferrocyanide: |

[40]  As used herein, the term “transducer” refers to a substance or apparatus that converts
energy 6f one form into energy of another form. Examples of transducers inélude,' but are not
limitet.i‘-to, electrodes, light emitting diodes, photo diodes, piezoelectric material, and microphones.

[41]  As used herein, the term “capacitive properties” refers to any and all properties of a
system that may contribute and / or affect the capacitance of the system and includes, but is not
limited to, the electrode area, the dielectric constant, the permittivity, dbuble-layer characteristics,
ionic strength of a sampie, and the capacitance.

[42] As ﬁsed herein, the term “blank” refers to a samﬁle that is comprised of supporting
electrolyte.

_ [43] » As used herein, the term “background” can be used intefchangeably with the term
“blank™ and refers to the signal that is generated by a blank sample.

[44] = As used herein, the term “CDAS” refers to capacitive dominated admittance spectra
and indicates the frequency range in which the admittance values of the electrochemical system is
dominated by the capacitive components of the electrochemical system; this may generally be
towards fhe higher frequency range but may be in other ranges depending on the characteristics of

the particular electrochemical system under consideration.
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[45] As used herein, the term “ESS” refers to an electrochemical signal source, which is
an entity in a sample that can give rise to an electrocherrﬁcal signal; the term “ESSS” is:used to refer
to the plural of ESS. A common ESS is an electroactive chemicﬂ species, but the invention is not
limited to the assay of signals 6nly from sﬁch sources and includes non-electroactive chemical
species, background electrolyte, double-layer capacitance, non-chemical sources, and sources not in
the sample sﬁc;h as electromagnetic interference, commonly known as RF interference.

~ [46]  Asused herein, the term “ESSI” refers to an ESS -that is of interest to bgbmeasured
in_cluding, but not limited to, _chenﬁcal species, or the background composition of a sample that inay
» give rise to ;hé background or blank signal, or the capacitance that may be measured by the
transduc'er-samplc i.nterface. |

[47] | The term “variation” as used herein, refers to the absolute value of the difference
between the maximum value and the minimum value of a waveform during the course of its
application. |

[48] As-used herein, the term “TST” refers to the transducer-sample interface that is
comprised of the interface betwéen the transducer and the sample that may contain a set of ESSs.

-{49] As used herein, the term “FFT” refers to Fast Fourier Transform.

[50] As used herein, the term “FT” refers to Fourier Transform.

[51)  Asused herein, the term “DFT” refers to discrete Fourier Transform.

[52] As used herein, fhe tenﬁ “WT” refers to Wavelet Trﬁnsform.

[53] Asused herein, the term “DTFT” refers to diécretc time Fourier Transform.

[54] ~ As used herein, the térm “ADC” refers to an analog-to-digital converter.

_ [55]. -As used herein, the term “derived quantities” refers to qﬁantities that-may be
computed with refereﬁce to the measured data from the electrochemical system and external sources

of data and/or information.
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[56] As ﬁsed herein, the term “Faradaic” refers to electrochemical reactions in which
electronic charge is transferred across the TSI These reactions refer to an oxidation or reduction of
-an analyte.
[571 As used herein, the term “effective electrode area” refers to the electrode area that is
~ in electrolytic contact with the sample. The effective electrode area may be varied by altering the
geometry of the electrode or by partial contact of the electrode to the sample.

[53] As used herein, the term “extent of electrode fouling” refers to the amount, :
geometry, density, and/orlcornpbsition of material tﬁat may adsorb or otherwise coat a_lj or paﬁ of
an. electrode or sensor. |

[S9]1 As used herein, the term “environmental factors” refers to properties and/or factors
other than the analyte concentrgtion that affect the measured electrochemical sign?.l. Examples
include, but are not limited to, electrode area, extent of electrqde fouling, dielectric 6f the sample,
temperature, and ionic concentration of the sample.

[60] ‘ As used herein, the term “electrolytic contact” refers to hf;;lving an electrochemical
system comprised of at least one electrode deployed in a mannér so as to gather electrochemical

- information from a sample. Examples include, but are not limited to, an electrode in physical
contact with a sainplé; .z_m électrode separated from a sample by a membrane, a film, or other
mateﬁai; and an electrode separated from a sample by an aqueous médium. Examples of
electrochemical information include Faradaic current, nonfaradaic current, and chemical pétential.

[61]  As used herein, the term “electrochemical system” refers to a system comprised of at
least one electrode used to gather electrochemical data. Examples of electrochemical systems
include two-electrode configurations; three-electrode configurations; and electrode arrays.

[62] As .used herein, the term “electrode set” refers to an electrochemical system

comprised of at least one electrode.
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[63] As used herein, the term “spectral analysis” refers to a method of analyzing the
spectral content of a signal or portion of a signal. Exarﬁples of methods used for spectral analysis
include FT, FFT, DFT, DTFT, and WT.

[64] Figs.5-7 show an illustrative embodiment of a method and system for detcﬁnining
the signal variation due to environmental factors that -alter an electrochemical signal in response to
an applied voltage waveform. Fof example, signal variations caused by environmental factors may
be quantified and ébrrcctcd, if necessary, by altering the apparent measured analyte concentration
estimate. Figs. 5 and 6 illustrate embbdiments of the method in ﬂdw diagram form.

[55] Fig. 7 shows a more detailed example of a system for carrying out thé methods of
Figs. 5 a.nd 6, but it should be understood that the methods of Fig. 5 and 6 could bc implemented by
any hﬁxﬁbér of diffcrent systems anci apparatus. For example, the system of Fig. 7 could in turn be
implcmenied asa hahdhéld festcr, guéh as for testing glucose coﬂcentrations in blood.

[66] - Figure 7 illustra'tcs an exemplax;y method for identifying and quantifying the
capacitive properties of the TSI according to an embodiment of the present invention. All arrows
represent a setlof communication chanﬁels, unless otherwise labeled, Aand can include but are not
- limited to, electrical transmission via physical conductors, wireless transmission, and multiple
_ cha.n-nels of communication. The foll(;wing steps outline one exemplary apparatus and one
cxemplafy process that illustrates the invention:

[67] 1. A set of appropﬁate transducers 6 is déployed in a manner that is approfnn'até
for detecting ESSs 4 in a sample 2. In this example, the transducers 6 are electrodes that are placed
in electrc;lytic contact at the transduce;-smnple interface 38 with a sampie 2 containing multiple
ESSs 4, labeled as ESS 1, ESS2 and ESS n, where n signifies a nuﬁber that represents an ESS that
is unique frc;m the other ESSs in the sample 2. Other examples of transducers may include
electrodes with membranes, chemically-modified electrodes, or other elements that can be used as

electrochemical transducers.
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[68] 2. A control signal 34 is applied to transducer 6 from a transducer control
apparatus 12 whi;h may be pr.ocessed by an optional filtering process 10 such as a circuit or a
coﬁlputaﬁon apparatus that exécutes the filtering pfocess. The ﬁltering process 10 méy be part of
the transducer control apparatus 12. One Beneﬁt of a filter would be to remove unwanted noise from
the applied signal. In this embodiment, the coﬁtrol signal 34 is a voltage potentié] waveform that is
applied by a transducer control apparatus 12 in the form of a potentiostat circﬁit. A potentiostat is a
circuit that is commonly used to control and record electrochemical data and is explained in
_ “EIectrochemiétry: Principles, Methods, and Applications”, 1% ed. Oxford University Press, 1993

by CM.A. Brett and A.M.O. Brett. | |

| [69] 3; The time-domain signal 36 (that is, the current signal that is generated, as a
function of time) from the transducers 6vwith the transducer control apparatus 12 is measured and, if
needéd, is stored. An optional filtering process 8 may be part of this process, and furthermore may
be part of the transducer control apparatus 12, The ﬁlfering process may be mﬂogous to figure item
10 and would providé the usefu1 benefit of removing unwanted signal noise.

- [701 4.  The signal is optionally filtered using a filtering process 14, Ohe cxamplc of
such a filter iﬁcludes an anti-aliasing filter used in conjunction with the process of converting
analog signals to digital signals. Other examples of filters obvious to one skilled in Vthe art include
high-pass filters, low-pass filters, band-pasé ﬁlt.ers,'and.band-stop filters.

(71] | 5. The signal is converted from analog to digital form to enable the processing
of fhe signal by a computing apparatus 18 using an ADC 16. This example illus&atcs the use of a
 digital computing apparatus to perform part of the invention method; however, a digital computing
apparatus is used as an exaxhple and does not limit the invention. Examples of the cpmputing
apparatﬁs 18 include analog circuits, digital circuits, microprocessors and microcontrollers.
Examples of currently used microcontrollers include Hitachi H8/3887, Texas Instruments 3185265-
F, Sierra SC84036CV, Amtel S5640 ASIC, NEC FTA-R2 ACIC, Hitachi H8/3847, Panasonic

MN101C097KB1, ASIC (built around Intel 8051), etc.
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o [72] 6. The signal is filtered ﬁsing a filtering process 20. Such a filter may be used
to reshape and/or transform the signal to a more optimal waveform that is better suited for the other
chputaﬁqnal processes in the computing apparatus 18. One example of such a filter may be a
band-pass filter that just selects a particular range of frequencies and suppresses éther frequencies
from the measured signal. Such a filter would be useful if the current signal were geqerated by a
nonlinear electrochemical process, resulting in higher frequency components in addition to the
fundamental frequency that was used as the voltage stimulus. |

[73] 7. | The spectral content of the sigqal is characterized in terms of both the
magnitude and ph'éSc @gle of each frequency compénent of interest using a spectral analysis
prbcess 22;a c;)mmonly used process is the FT and includes related proéesses such as tho.;, FFT,
DFT, WT, DTFT. One of ordinary skill wiil recognize the possibility of usi}lg other spect;ral
analysié i)rocesses as appropriate for the system under consideration. |

[74] 8._ The signal contribution froxh ESSs that give rise to capacitive properties of

, the system in the measured signal is determined using a capacitive property quantification process
24, For example, one embodiment of such a process 24 is:
[75]1 a | Compute the h_igh frequency signal spectruxﬁ and quantify tﬁc relévant
~ features of this portion of the sbeétrum, since tﬁe ﬁigh frequency portion of the spéc;rum is
‘ exéected to contain r’nore information about the capacitiveAproperties of the signal. In'ong example,
the magnitude and phase angle of the freéuency spectrum are uscd as the f;:étures of the signal.

| [(76] . b. Compute ‘the values associated with capac-itive properties of the signal; such

properties may include but are not limited to the impedance, the reactance, the résistance, and the
capacitance, utilizing any external data source A 26 thét may be necessary.' | |

[771 9 Compute other values that may be derived from the above computations
using a derived quantity computation process that may make reference to an external data source B
30. Data source A 26 and data source B may be the same data source. Tﬁey represent means 6f

storing information and can be different data structures within a single memory unit: Examples of
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informati_dn that the external data source B 30 may contain include properties of the transducer such
as the electrode area and frequency response curves for different applications; properties of the
sample such as the ionic strength, viscésity, density, double-layer capacitance valixes, and dielectric
éonstant; properties of any material in the sample that may cause electrode fouling such as dielectric
constants and related values; properties such as dielectric constants or thickness or capacitive
properties of any membrane or similar material that may cover the electrode. Examples of derived
quantities include computing the concentration of the ahalytc by comparison to calibration data,
cdmpuﬁng the effective électfode area, computing the extent of eiectrodc fouling, ﬁnd computing
the dielectric and pérmittivity constants of the background electrolyte by comparison to equations
and other data describing the composition of the electrolyte. |

[78] 10.  The derived quantities from the derived quantity computation process 28 are
used in a correction process 40 that corrécts for distortions or variations the measured signal 36
~ caused by environmental varigtions and physical variations which have been identified and
quantified above. An example of a correctiop process is to scale the estimated analyte
concentra;idn that was detérmined by the derived quantity computation process 28 by a value that
reflects the change in effective‘electrqde area or by a value that reﬂc:ﬁté the extent of electrode
fouling, as determined by the capaciti.ve property quantification process 24.

[79] 11.  Theoutput 32 is genérated in a usable form. Examples inc_lude &ansnﬁtting
thevc.oncentration values of all ESSI in electronic format or displaying the esﬁmated émalyte .
concentration in an LCD display to the user of the sensor. |

{80] Figures S and 6 refer to the processes that are implemented in the sygtem of Figure 7.
Referring to Figure 5, a waveform shape may be selected (step 100) and applied to an electrode
system to measure éamples containing known concentrations of the analyte of interest. In the ﬁrsi
example embodiment, the electrode area is varied systematically with no electrode fouling as
different .concentrations of analyte are measured (steps 105, 110, 115, 120, 125) to gather

calibration data. In the second example embodiment, the electrode area is kept constant, but the
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extent of electrode fouling is véried, as different concentrations of analyte are measured (steps 105,
110, 130, 135, 140) to gather calibration data,

{81] In these example embodiments, the Stimulus waveform is selected (step 100) so that
a signal component that depends on the concentration of the desired analyte and a signal component
that depends on environmental factors are measured. In this example, the two environmental
factors that are illustrated are the effective electrode area and the extent of electrode foulmg
Accordmg to an embodiment, the stxmulus waveform is chosen such that the capacmve propertxes
of the electrochenucal system are extractable (step 110) and quantxﬁable Inan another
embodiment, the s&mulus waveform is chosen such that the capacmve signal components are much
more sensitive to the environmental factors (e.g. electrode area and electrode fouling) and much less
sensiﬁve to the analyte concentration, thereby allowing for monitoring the effects of electrode area
or electrode fouling that is independent of analyte concentration. This allows for quantification of
just the envnomentm variation without dependence on the analyte concentration.

[82] According to an embodiment that corrects for vaﬁations in effective electrode aree,
calibrationdata may be gathered by making measurements with electrodes of different known
effective areas with samples containing known different analyte concentrations (step 115). For
measurernenﬁs'made with each electrode aren, calibration curves may be constructed that relate the
' Faradaic signal comnonent to the concentration of the _analyte in the sample (step 1‘20). Calibration
 curves may also be constructed that relate the capacitive eignnl component to variations in electrode

area when measuring samples with different analyte concentrations (step 120). _I‘n‘the system of -
Figure 7, the filter process 20, spectral analysis process 22, and capecitive quantification process 24
can be used to quantify the capacitive signal component. |

[83] According to an embodiment, equations may be constructed to correct the calibration‘
curve that estimates the analyte concentration based on a Faradaic signal component for errors that
may arise from variations in the effective electrode area of the sensor using the capacitive |

calibration data that quantifies the effective electrode area (step 125).
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[84] Once the calibration curves and correction equationé have been determined, in the

system of Figure 7, this information may be stored in data source A 26 and)br in data source B 30,

'fhe correction equations can be used in the correction process 40 to correct for an erroneous analyte -

estimate that has been altered by variations in the effective electrode area when a measurement is

maﬁe in a sample of unknown aﬁalyte éonccntration and with an electrode where the effective
electrode area is not known.
[85] Referring to Figureé 6and 7, transducérs 6 (illustrated as electrodes) may be placed

into contacf with the sample 2 coﬁtaining unknown concentration of analyte, indicated by ESS 4.

The selected stimulus waveform (step 105) may be applied to the electrodes by the potentiostat,

' indicéted as thé transducer (I:omrol‘apparatus 12. The application of this stimulus waveform is
illustrated as signal 34. The response signal 36 may be measured and anaﬂyzed by the corﬁputing_
apparatus 18 to quantify the capacitive and Faradaic signal components (step 110). Th.e capacitive
signal components, which have just been computed by spectral anal'ysis proﬁess 22 and cépacitive
property quantification process 24, may be compared to cajibration data stored in data source A 26
to determine effective electrode area (step 200). The Faradaic ‘signal component may then be
comééred with calibration data from data source B 30 to estimate the Ianalyte concentration in the
sample (step 225).

[86] This analyte estimate is not yet corrected for errors that may result from variations in

“effective eiectrode area. The correction equations from data source B 30 may used Qim the initial
analyte esﬁmatcs in a correction process 40 to adjust the estimated analyte concentration to account
for changes in effecfive electrode area (step 205). The corrected analyte cstixﬁate may tl&en be
output 32 in a usable form, such as using an LCD display (step 210).

[87] According to an émbodirnent that corrects for variations in fhe extent of electrode -
fouling, calibration data may be gathered by making measurements with electrodes of different "
known extents of fouling with samples containing known different analyte concentrations (step

130). For these measurements, calibration curves may be constructed that relate the Faradaic signal
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component to the'c-:éncentratio.n of the analyte in the sémple (step 135). Calibration curves may also
be co_nstruCted that relate the capacitive Si‘gnal'compohent to variations in the eﬁ;tent of electrode
fouﬁng when -me&udng samples with different anélyte concentrations (step 135).' In the system of
Figure 7.’ the filter process 20, si)ectral analysis process 22, and capacitive quamiﬁcat-idn’ process 24
ﬁiay be used to quaptify the capacitj\;e signal component. |

‘.[88]' According to an erhbodiment, equations are constructéd to correct the calibration
curve :that estimates the analyte concentration based on a Faradaic signal component for errors that
may arise from variations in the e_,xtent‘of elécuéde fouﬁng using the capaéitive calibration data that
quantifies the extent of electrode fouling (steﬁ 140).

[89] Oncethe calibratiqn curves and correction equations have been determined, in the
system of Figure 7, this information may be stored.in, for example, data source A 26 and/or in data
source B 30 The correction equations may be used in the correction process 40, for example, to
correct for an erroneous ané.lyte estimate, .such as one that has been altered by variations iﬁ the
exfént'of electrbd¢ fouling when a measurement i§ made in a s@ple of ﬁnknown aﬁalytc |
céncentration and Witﬁ an electrode where tﬁe extent of fouling is unknown.

[90] Referring to Figures 6 and 7, then, the electrode system (illustrated as Uansducérs 6)
may be placed into contact with the sérﬂple 2 containing ﬁnknown concen&aﬁon of analyte |
(illustrated ds ESS 4). The selected stimulus waveform (step 105) may be applied to the electrodes
by the 4potcntiostat (illustrated as transducer control apparatus 12).7 This waveform is illustrated as
_signal 34. The r¢sponsé éignal 36 may be measured and analyzed by the computing apf)aratus 18 to
quantify the capacitive and Faradaic signal components (step 110). The capacitive signal *
components, which have just been computed by spectral analysis process 22 and capacitive property .
quantification process 24, are compared to ca'libra'tion data stored in data source A 26 to determine
the extent of electrode fouling (step élS). The Faradaic signal component is compared With‘
calibration data from data source B 30 to estimate the analyte concentratién in the sample (step

225). This analyte estimate is not yet corrected for efrors that may result from variations in the
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extent of electrode fouling. The ccirrection equations from data source B 30 are used with the initial
analyte estimates in a correction proceés 40 that adjusts the estimated anaiyte concentration to |
accountv for changes in the extent of electrode fouling (step 220). The corrected analytevestimate.: is
then outpui 32 in a usable form, for example being displayed to the user in an LCD display (step
210). | |
- [91] Inthis exampie, the stimulus waveform is first used to gather calibration data from

samples that coiltain different concentrations of analyte and with different cnvimnmental fzicfors to
form correction equations. This same waveform is applied to the sample containing unknown |
concéntmtion_s of the analyte arid unknown environmental factors. In tilis example, ferrocy‘anide is
identified as the desircd (or target) analyte and effective electrode area and extent.of electrode

' fouling are identiﬁed as illustrative environméntal factors, o

'[92] The stimulus waveform may be a DC potential with a high frequency small

amplitude AC sine wave supérimposed. The phrase “high frequency small amplitude sine wave,”
as used herein, denotes a sinusoidai waveform (typicaliy below 50 mV of peak-tp-peak amplitude
and typically above 100 Hz) that will generate a signél respoiise from ‘the sample that can be
approximated by a linear relationship with the applied potential. A exemplary waveform format is
shown in Fig. 11. A DC potential is applied to the electrode and an AC sinusoid_ai voltage 510 is
superimpoéed onto this DC pofential. The'amplitude'of this AC voltage 510 need not be kept below
50 mV imd can be any value that gives rise io ausable sigrial. The fréquency of the AC potential
510 may be adjusted as is needed to elicit the capacitive features of the eleétrochénﬁéa.l system, and
the rahgé may be adjusted as is needed for the s.ystemk under consideration and dvoes‘notvlimit the
sc‘ope.of the invention in any way. The AC voltage 510 may then be stepped through a range of
frequencies to probe the spectial characteristics of vthe electrochemical ‘system over a spectral fange.
One of ordinary skill in the art will recognize the possibility of using other waveforms that can

~ extract capacitive properties of the electrochemical system including using different frequencies of

stimulus and different shapes of waveforms.
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_ (93] The application of the DC and AC potentials may result in the generation of a DC
and AC current; where the AC current may be comprised of the same frequency as the stimulating
'AC péfgnﬁal. If the ;:lccuochenﬁcal System is linear, then the resulting AC current will contain
only thé same frequency component as the stimulating AC potential. However, if the
elqctrochernical system is not completely linear, then there may be other frequency components in
the AC current signal.
[94] Atthe Stimulating frequency, the phasor representation of the voltagé and current

signals can be given by: |

 [95] where Voand 7 | are vectors, called phasors, that represent the magnitude and phase
angle information of the AC voltage and AC current signals, respectively, at a particular frequency
6f interest. The phasors represent this information as a complex number where the subscripts r and
i represent the real and imaginary coinponents, respectively. Furthermore, the magnitude and phase

angle of the phasors can be given by:

ZV = arctan[ﬂ)
\'4

r

Zl = arctan(i]
. . Ir

i AR
=y, +)
[96] The understanding with the u-se of phasors is that the information refers to a
particular frequency of intérest. PhasorAana]ysis of sinusoidal signals is a well known method, as
explained in B.P. Lathi, “Linear Systems and Signals”, Berkeley-Cambridge Press, Carmichael, CA

1992. One example of using AC sine wave signals illustrates the use of probing the electrochemical
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system over a range of frequencies. According to an embodiment, an exemplary method of
stepping through a range of frequencies may include the following steps:

971 1. Start the oscillation of the voltage at 5 particular frequency;

[98] 2. Record the resulting current signal when the readings stabilizé;

[99] 3. Change the oséilladon frequency to a new value; and

[100] 4. Repeat steps 2-4 as needed to cover the range of interest.‘

- [101] One example of stepping through a range of frequencies includes starting the
osc.:ivl_la'tion atva p‘articulzir frequency and then increasiﬁg the.f‘requeh;:y logaﬁthhﬁcﬂly. Héwever,
one of ordinary skill in the art will recognize the possibility of starting at a higher frequency‘ and
decrementing the frequén_lcy through the desired range or the possibility of stepping through the

‘frequencies in a linear fashion rather than a logarithmic fashion.

[102] The spectral analysis process 22 can compute the necesséry phasor information for
the voltage and current signals according to an embodiment of the present invention. In one
example, each frequency of stimulation is applied to the transducers in steps, so one possible
method of spectral analysis is computing the phasor infqrmation for each frequency of stimulus
subscqueﬂt to méashrement at fhat %requency Another éxamplc of a possible method is tb store all
the measured and applied signal data ﬁrst and then perform all the computation m one step at the
end of the data acqu1smon steps. Another example of a possible method is in the case of a linear
electrochemical system, all the frequencies of interest may be supenmposed simultaneously as the
voltage stimulus; then the resulting current signal may be expecfed to contain responses at all the
stimulating frequencies. Since that would be a case for a linear system, then performing a FT
analysis on the entire signal at once would reveal the phasor information for eaéh frequency of
interest simultaneously. One of ordinary skill in the art Will recognize the possibility of executing

" the spectral analysis process 22 in rfxany different embodiments. For example, it may be possible to
perform spectral analysis by measuring the correlation between the measured signal and a set of

reference sinusoid waves of different frequencies and different phase shifts.
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[103] The phasor information for the current and voltage AC signdls may then be used by
the capacitive property quantification process 24. One method of quantifying the capacitive
properties includes, but is not limited to, computing the immittance value of the electrochemical
system. The immittance may be computed in terms of the impedance, given by ‘Z , or the
admittance, given by ¥. In one example, the admittance is calculated as follows:

7=l
| 4
o |
|Y| = U
v
LY =T -2V

Y=

Ny =

where all values are taken to be given at a particular frequency.
. [104] The admittance values may be used for the computation of capacitive properties. An

ideal capacitor as is traditionally considered in electronic circuit analysis will have the following

admittance properties:

Y(w)= joC
|Y'(co)| =C
LY (@) =90°

[105] where C is the capacitance, which describes fhe capacity of the system to store
charge, j is the imaginary number J——l , and @is the frequency of the sinusoidal stimulus, given by
w=27f where f is the frequency in hertz.

| [106] An ele.ctrochemical systemn may also a capacitive component, although the propefties
may not follow those of an ideal electronic capacitor. This capacitive property may arise from
several considerations including, but not limited to the following:
- [107] 1. placing an electrode in a sample that contains charged species approximates

some of the electrical properties of an ideal electronic capacitor;
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(108] 2. placing an electrode in a sample that contains ESSs which may have dipole
moments that approximate some of the electrical properties of an ideal electronic capacifor; and

[169] 3. varying the electrode potential, or cuxrent; over time to approximate some of
the elec;rical properties of an ideal electronic capacitor by allowing charge to accumulate on the
electrode surface and thereby causing the accumulation of the appropriate charges near the
electrode surface in the sample over time.

[110] The origins of the capacitive properties of the electrode—sample’ interface 38 are well
understood and are discussed in “Electrochemistry: Principles, Methods, and Appliéations", 1*ed.
Oxford Univcrsity Press, 1993 by C.M.A. Brett and A.M.O. Brett. At high frequency
fneasurements; the total elcctrocﬁemical signal may be dominated by the capacitive components.
Therefore, in this example, it is the high frequency spcétrum that is considered for probing the
capacitive‘properties of the electrochemical system.

[111] The present inventioﬁ encompasses several methods for computing the capacitance
of the electrochemical system. One example is to obtain the current signal resulting from a high
frequehcy sinusoidal potential waveform. The admittance values révealing the capacitive properties
may not be ideal. Deviations from the ideal capacitor behavior may mateﬁalize in ways including,
but not limited to, the admittance phase angle not being 90° in the range of frequencies measured.
Ho'wc\}cr,vthe admittance magnitude spectrum may still be linear when plotted on log-log axes, as is
-done in a Bode plot. These are examples of how the capacitive properties of an electrochemical
system may be manifested in a real system and as such are intended to be examples for illustrative
purposes and do not limit the scope of the invention.

(112] In analyzing the capacitive properties of an electrochemical system, the deviations
from ideal capacitance may need to be considered. One example of how the variations may be
addressed is to consider the component of the admittance that is at 90° for each frequency of
interest. Figure 12 illustrates this concept. At a particular frequency, the vector representing the

admittance 50 is not the ideal capacitor value of 90°. However, the real component of the vector 54
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and the imaginary component 52 can be used to deconstruct the total admittance vector 50 into two
vectors. Therefore, by considering the value of the iméginary component 52 alone, the capacitive
component of the total admittance may be selected. This allows for the extraction of just the current
signal component that is 90° out of phase with the voltage signal, which can be a measure of the
capacitive nature of the electrochemical system. In this way, non-ideal characteristics of the CDAS,
which may cause deviations from the ideal 90° phase angle, can be minimized in the final analysis.

| [113] Another éxample of analyzing nonideal capacitive properties of an electxﬁchemical
system is fo consider the magnitude spectrum. In this ciample, the magnitude spectrum iﬁ the
frequency range that is dominated by capacitive signals is taken to be linear in a log-log Bode plot.
As Such, the linear nature of the magm'tude plot may evince the dominance of capacitive
components in the electrochemical system over non-capacitive components. In some applications,
the slope of the magnitude spectrum may correlate }t.o different properties of the TSI and can be used
;6 characterize the system. |

[114] Some exemplary factors that may affect the capacitive properties of the

electrochemical system include:

f115] 1. effective electrode area
[116] 2. components that comprise the sample including but not limited to ionjc
makeup of sample, non-ionic makeup of the sample, presence of various ESSs. |

[117] 3. = viscosity of the sample
t118] 4, density of the sample
[119] 5. = extent electrode fouling
[120] 6. membranes whiéh may cover the electrode -
(121] 7. the applied DC voltage
| [122] 8. the applied AC voltage
{123] 9. mass transport in the sample including, convection, diffusion of sample

components, migration of sample components, flow rate of the sample

\lﬂ‘ Y
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[124] 10. temperatﬁre
| .[125"] il. reactions which may occur at thé electrode
(126] The measure of the capacitanée of the electrochemiéal systerh may be used to probe
characteristics of the electrochemical system. One exarﬁple of how this may be embodied is By
coﬁsidcn'ng one equation that defines capacitance for a parallel plate capacitor:

_Ae
d

[127] where C is the magnitude of the capacitance, A is the area of the electrode, € is the
permittivity (and reflects the dielectric properties of the systém), and d is the distance between the
plates of a parallel plate capacitor. In this example electrochemical system, one plate of the
capacitor may be considered to be the electrode surface and the other plate may be considered to be
the plaﬁe in the sample that contains the layer of spatially distributed charges. This is a well-known
de;cﬁpﬁon of the TSI, commonly referred to as the “double-layer” and is discussed in
‘;Electrochenﬁstrf Principles, Méthods, and Applications”, 1* ed. Oxford University Press, 1993
by CMA Brett and A.M.O. Brett. One of ordinary skill in the art will recognize the possibility of
having other equations rélating the capacitance to the physical properties of the electrochemical
sétup. qu example, a cylindrical capacitor equation may be more appropriqte for a wire electrode,
Such relationships that are necessary and appropriate for the system under consideration may be
supplied by the data source A 26. Assuming the above equation to describe the capacitance of the
electrochemical system under consideration in this example, it is possible to equate the admittance »
with the capacitance as follows:

F@)=ac=22

{128] Thus, if the magnitude of the admittance is known at a given frequency, then there
* remain three unknowns, namely A, g, and d. Utilizing an external data source A 26 which may

contain the values of two of these unknowns, then the third may be computed by the above equation
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by tﬁe capacitive property quantification process 24. As a further example, the values of the
parameters describing the capacitance need not be known explicitly. Instead, they may be kﬁown in
aggregate and the change in capacitanée due to one of these parameters may also be used as a

" measure of quantifying capacitive properties in process 24. The benefit of this analysis is tHat often
several of Vthcse parameters may be knbwn, but one may change without knowledge. This
characteristic of the capacitance may be exploited to correct for variations in the TSI by a ;:or[ecﬁon
proc;s's 40, -V | -

[129] These procedures that measure the capacitive properties of an electrochemical
system may be useful due to the fact that the inherent nature of the measurements lends itself to
monitoring primarily physical and material properties of the environments in which the
electrochemical sysfem operates. They help establish an overall metric for ch_aracterizing the
physical and environmental éffects of the élecirochemical éystem and form the basis for developing

~ correction mechanism 40 that can account for such sourcés of érror and can be extended for more

detailed measurements of various purposes, such as:

[130] 1.  diagnosing the state and condition of an electrode or transducer, including
determining effective electrode area | o,
“[131] 2. determining various characteristics of the electrode fouling scenario,

including, but not liﬁﬁted to, the thiékness of the fouling layer, the rate of fouling material buildup,
and electrical properties of the fouling material, | |

[132] In practice, a stimulus waveform can be sclectcd through a pombination of
expérimental trials and theoretical consideration of the processes that are involved in fhe detection
process. The selection of the waveform is done in order to achieve certain unique signal
cﬁmactcdstics generated by a particular analyte and the envirénmental factors. The DC component
of the measured signal may be comprised mostly of Faradaic signal components, which are affected
by the analyte concentration and environmental factors. But, the AC component of the measured

signal may be comprised mostly of capacitive signal components, which are less likely to be
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“affected By the analyte but are responsive to the environmental factors. Thus, the AC component
may be used to independently gain information about the environmental factors without beihg
influenced by the analyte concentration.

[133] Factors to keep in mind when choosing a waveform include but are not limited to:
the use of more positive potentials of the working electrode with respect to the reference electrode
will genera]ly increase the rate of oxidation; similarly, use of more negative potentials of the
work_ing electrode with respect to the reference electrode will generally increase the rate of
reduction;. and When the rate of kinetics is much faster than the rate of transport of the analyte (such
as by diffusion), further increasing the rate of kinetics by increasing the potential in the appropriate
directipn (positive for oxidations or negative for reductions) may not significantly increase the

, Farada.ie current flow; higher frequency AC sine waves may be sensitive to non-Faradaic capaeitive

preperties than lower frequency AC sine waves.

[134] After selecting the waveform, data may be gathered from samples contaihing
different concentrations of the target and with different environmental factors (steps 115 and 130).
For example, in distinguishing and determining the influence of effective electrode area and analyte
concentration, one could make five repeated measurements using the selected wavefonn for each of
the followieg concentrations of ferrocyanide: 0 mM, 1 mM, 2 mM, 3 mM, 5 W, 10 mM, 15 mM,
20 mM using electrodes of each of the following effective areas: 0.1 mm?, 0.2 mm?, 0.3 mm?, 0.5
mm_2, 0.7 mmz; 10 mm>. In another example, in distinguishing and determining the inﬂuencc of the
extent of electrode fouling and analyte concentration, one could make five repeated measurements
using the selected waveform for each of the following concentratiohs of ferrocyanide: 0 mM, 1
mM, 2 mM, 3 mM, 5 mM, 10 mM, 15 mM, 20 mM using electrodes which have been coated with
fouling material of each of the following thicknesses: 10 um, 20 pm, 30 pm, 50 [.Lm,.70 pm,. 100
pm, 150 pm, 200 pm, 300 pm, 500 pm. Examples of materials that could be used to emulate
different types of fouling include polymers such as cellulose acetate, and polytyr@né, or proteins

such as bovine serum albumin,
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Example 1:

[135] An eiample using the method of Figures 5 and 6 and system as éarried out by, for
example, a system of Figure 7, is now described in terms of énalyziﬁg the concentration of a sample
containing the analyte ferrocyanide and variable effective elcctroﬁe area. 'fhc Faradaic reaction that
is detected by a DC potential is given by:

FERROCYANIDE - FERRICYANIDE + e-

[136] Awhich is an .oxidatio_n reaction. The electrochemical cell may be a convenﬁonal 3-
electrode set up with a palladium working electrode, platinum counter elcc'trode,'and a Ag/AgCl
reference electrode. The working electrode may be held at a DC potential of - 4Q0 mV with respect
to the reference electrode. Figure 2 shows the DC cuﬁent'from two samples, one containingvlo
mM FERRO and the other containing 20 mM FERRO, for measmemenis made with different
effecﬁve electrode areas. ‘

[137] Figure 2 shows the data points 450 that che measured by abplying a DC potential of
-400 mV to a sample containing 20 mM ferrocyanide. Measuremcnts 450 were made with
el_ectrddes of different effective areas, and the data is plotted in Figure 2. The X-axis shows the
_ effective electrode area of the electrode that was used to make the meashre;ﬁents and the Y-axis
shows the value of the DC current that was measured. Using the samé electrodes, measurements
were thgn performed in samples containing 10 mM ferrocyanide and are ;hown as data points 455.
This figure illustrates the problem of rﬁeasuring amperometric signals using aDC >potential. The
measured signal is affected by both the analyte concentration ;md the effective electrode érea. One
equgtion that may be used to describe this relationship is:

I = oA [FERRO)

where ¢ is a proportionality constant , A. is the effective electrode area, and [FERRO] is the
concentration of ferrocyanide in the sample. One of ordinary skill in the art would recognize the
possibility of other relationshipé that may exist, and these relationships could be determined by a

~combination of theoretical and experimental investigation. Figure 10 illustrates this relationship for
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two values of A.. Data points 500 are the DC current measurements made with an electrode of A.=
0.8925 mm’, The equation of the calibration curve for this Acis:
I1=109.21 [FERRO]

[138] Data points 505 are the DC current measurements made with an electrode of A, =

1.575 fnmz. The equation of the calibration curve for this A, is:
I1=171.13 [FERRO]
' t139] Thﬁs, if measurements are made with an electrode under the assumption _that
A.=1.575mm?, fhe ferrocyaﬁide concentratioh would be estimated with the equation:
| [FERRO] =V171.13

where I is the measured DC cum:ant in nA and [FERRO] is the estimated ferrocyanide cbuccnt:aﬁon
in mM.

[140] However, if the effective electrode area were unknowingly not equal to 1.575 mm?,
then the calculated ferrocyanide estimate could be incorrect. For example, if A, was actually 0.8925
" mm?, then a smplc containing 20 mM ferrocyanide would yield a measured current signal of 2188
nA, as sown in Fig. 10 by data points 500. Examples of how such a change in A, might occur
include errors in manufacturing or partial contact of the sample with the electrode. Using the
assumption that A, is 1.575 mm?, the estimated 'fcrroc.:yanid'e concentration woﬁ_ld be calculated by
the calibration équation as: |

[FERRO] = 2188/171.13 =12.3 mM

[141] This illustrates the type of error in estimating analyte concentration that may occur if
the effectivc electrode area were to become altered unknoWingly. However, being able to obtain a
measure of the effective electroée area would allow fér' correcting the analyte estimate for such
changes in the measurement system. |

t142] To probe the effective electrode area, in this example a 1000 Hz sine wave of 40 mV
peak to peak arnplitudé was superimposed onto the DC bias potential of -400 mV (step 100), as

shown in curve 510 of Figure 11. This waveform was then applied to the electrode system (step
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105). The Fourier Tr_anéform of the resulting current signal was "taken to select the 1000 Hz Aé
' s-inlus'o:idal éompoﬁent (step 110), since the capacitive properties of £he sysfeﬁl are éxbected to be
reflected in high frequency components of the signal. 'In this example, since the amplitude of the
AC sine wave potential is kept constant at 40 mV peak to peak, it is sufficient to just use thé AC
current values in the calculation of capacitive properties instead of computing the admittance
values, as is defined by the mathematical relationship between AC admittance, AC current, and AC
potential discussed al;ove; ' . |
[143] Figure 13 showé_capacitive sign'al data represented by the ima‘giﬁary component of
the 1000 Hz AC current signal gathered with electrodes of different effeéﬁve areas in a sample of
. 10mM férrocy’anide (black data points 515)and a sample of 20 mM ferrocyanide (white data points
520). It is clear from this data that there is a linéar relatiqnship between the capacitive éignal
éoﬁpqnent and the effeéﬁve elécﬁMe area and that furthermore, the capacitivé sigpaI data is not
significantly influenced by the concentration of ferrocyanide in-the sample. - .
[144] An equation that relates the imaginary AC current to the effective eléctrodc area
(step 120) that is independent of analyte concentration is: |
I, o =(818.26)A, ,0)-14.33
[145] where I; 4¢c is the imégin_ary componént 6f the AC current at 10.()().le, A,,acmal is the
acﬁﬂ effective .elec&ode area. |
[146] One equation that- may bé uged to déscribe thé measured ‘Faradaic DC electrode
current (Ir) to be used in constructing cali_bra_tion curves fbr csﬁmaﬁng ferrocyanide concentration

in a sample is: -

. IF = me.expecled [FERRO]
1
[FERRO) = (EA———JIF

“e.expected
where Agexpected i the value of the effective electrode area that the electrode is expected to have.

This is because when calibration curves were constructed by using an electrode system (step 120)
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based on Faradajc signal data to relate measured Faradaic signal to ferrocyanide cohcentration, an
electrode of effective area Acexpecied Was used. If an unknown sample is measured with an electrode
Of A, expected, and these calibration curves are used to estimate the ferrocyanide concentration in the
sample (step 225), then one may expect that the estimated ferrocyanide concentration is
répresentative of the actual concentration in the sample. However, if the unknown sample is
measured with an electrode of effective area that is not equal to A expecteds ﬂléh an erronéous ‘
esﬁfnéte of ferrocyanide may likely résult.

’ [147] Thus, one correqtion equation (step 125) that may be used to adjust the estimated

ferrocyanide concentration (step 205) for variations in the effective electrode area is:

A,
[FERRO]C=( L ][ ""‘”"‘“"]IF
: aAe.expecwd Ae.acmal

A .
[FERRO), =(-fMJ[FERRO],

‘e,actual
4 liact1433
el T 818.26

where A, acrear is computed as described above. [FERRO], is the ferrocyanide concentration
corrected for variation in the effective electrode area and [FERRO), is the uncoxrécted‘ferrocyanide
concentratidn. |

[148] Continving with the illustrative example, if calibration curves for estimating
ferrocyanidc concentration were constructed with an expected electrode area of that A cxpected=1 ;575
mm?, and measurements were made in a sample containing 20 mM ferrocyanide using an electrode
with A¢ scuai= 0.8925 mm?, an erroneous estimate of ferrocyanide concen&atidn would result, as
discpssed above, giving [FERRO] =2188/171.13 = 12.3 mM. H0wever, u_sing the capacitive
signal data, represented by the iniaginary component of the 1000 Hz AC sinusoidal current, the
estimated ferrocyanide concentration may be corrected for the variation in effective electrode area.
As shown in Fig. 13 by data point 515, a sample containing 20 mM ferrocyanide measuréd by an

electrode with A gerua= 0.8925 mm? yields I oc=680 nA. Thus,
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4 _lact1433_680+1433
cacoal T 218,26 818.26

=0.850mm?*

[FERRO), = (AL“"—"“—“’]IFERROL = (lsl)l 2.3=22.8mM

\ octual 0.850
thereby yielding a corrected estimate of 22.8 mM ferrocyanide as compared to an uncorrected

" estimate of 12.3 mM ferrocyanide, representing nearly a three-fold reduction of error.

[149] This illustrates one exemplary embodiment that uses capacitive signal information to
correct for measurement errors arising from variations in effective electrode area. Although this
examplé was illustrated with one frequency of sine wave, improvements to this fnethod méy be
realized by using information from multiple frequencies of sinusoidal s'tjmuli,' covering a range of
frequencies to construct a set of correction equations to be used. Another example of an
improvement is to construct calibration curves with a larger matrix of data. Figures 10 and 13
illuétmted calibration data from samples that contained two different concentrations of
ferrocyanide; however, calibration data may be acquired from:samples corhprised of a larger
selection of different concentrations of ferrocyanide to create a more reﬁﬁed set of calibration

curves. Similarly, data may be acquired from electrodes with'many more different effective areas

to create a more refined set of calibration curves.

Example 2:

[150] An example using the method of Figures 5 and 6 and system as carried out by, for
example, a system of Figure 7, is now described in terms of analyzing the concentration of a sample
containing the analyte ferrocyanide and variable extent of electrode fouling. As in Example 1, the
Faradaic reaction that is detected is the oxidation of ferrocyanide to ferricyanide, and an equivalent
3-electrode electrochemical system is used where the working electrode is a platinﬁm electrode of
3.14 mm®. In this example, ihe effective electrode area may be kept constant and the extent of

electrode fouling is varied to illustrate the effect of fouling on the measured signal and the estimated

gy
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fefropyanidc concentration. A method is described to use capacitive signal information to correct
for érrors in ferfoéyanide estimation that may arise due to electrode fouling.

[151] The working electrode was fouled by coating the whole electrode area with a
cellulose acetate (“CA”) membrane. The extent of electrode fouling was varied for two cases. In
one case, CA was dissolved in acetone in the proportion of 10 mg cellulose acetate per 1 mL
acetone. One UL of this solution was drop-coated onto the working electrode 50 as to cover th¢
entire platinum surface. The solution was allowed to dry, forming a coating of cellulose acetate,
giving a total of approximately 10 ug of CA. In a second case, CA was dissolved in acetone in fhe

proportion of 3.33 mg CA per 1 mL acetone. One pL of this solution was drop-coated onto the
working electrode so as to cover the entire platinum surface. ‘The solution was allowed to dry,
forming a coating of CA that contained approximately 1/3 the amount of cellulose acetate,
approximately 3.33 g CA. Thus, in this example, the amoﬁnt of CA was varied to émulate
different extents of electrode fouling; the expectation being that a greater extent of electrode fouling
‘may be emulated by coating the electrode with a greater amount of cellulose acetate.

| [152] Figure 3 shows calibration curves that wefe constructed by applying a DC potential
of -406 mVitoa sainple containing different concentrations ferrocyanide using an electrode with no
fouling (data points 470), 3.33 pug CA of fou!ing (data bpoints 480), and 10 pg CA of fouling (data
points 490). It can be seen that the measured DC current signal, which is dominated by the Faradaic
current component from the oxidation of ferrocyanide, depends on both the concentration of
ferrocyanide and the extent of electrode fouling. One equation of the calibration curve that may be

used to describe this relationship is:

1, =0E, A[FERRO]+ fE,,

[153] where o and [} are constants, A, is the effective electrode area, Eq is a measure of
how the extent of electrode fouling affects the slope of the calibration curve, Ep, is a measure of
how the extent of electrode fouling affects the intercept of the calibration curve, Inc is the measured

. DC current, and [FERRO] is the concentration of ferrocyanide in the sample. One of ordinary skill
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in the art would recognize the possibility of other relationships that may exist, and these
relationships could be determined by a combination of theoretical and experimental investigation.

[154] In the example of no fouling (data points 470), one equation that describes the
calibration curve may be given as:

I,c =0.8757[FERRO]+1.6
A =3 14mm?
0E, = 219 pAmm ™ mM
[155] In the example of 3.33 pg CA of fouling (data points 480), one equadon that
describes the calibration curve may be given as:

I, =0.664[FERRO]+0.1717
A, =3.14mm’
0E, =211 pAmm ™ *mM
[156] In the example of 10 pg CA of fouling (data points 490), one equation that describes

the calibration curve may be given as:

I,c =0.1729[FERRO]+0.2703
A, =3.14mm’
oE, = .055uAmm™* mM
- [157] It can be seen that the extent of electrode fouling affects both the slope and the
intercept of the calibration curves. Figure 15 is an example of how the relationship between the
extent of electrode fouling and the parameters of the linear calibration curve, which in this example
are the slope and intercept, can be expressed. Data points 540 represent the value of the slope of the

calibration curve that relates [FERRO] to Ipc for different extents of electrode fouling, given by the

qua.nﬁty 0E A, ; datapoints 545 represent the value of tﬁe intercept of the calibration curve that
relates [FERRO] to Ipc for different extents of electrode fouling, given by the quantity SE,,. One

example set of equations to describe these relationships is:
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I,c =0E, A [FERRO)+ BE,,

0E A, =-0.0708(M, ) +0.8853

PE,, =0.0444(M, ) -0.5767(M, ) +1.6
whe;é Mca is thc mass of CA used to foul the electrode in micrograms. One of ordinary skill will
recognize that other equations and relationships may be used, depending on the nature of the data.

-[158] Figure 14 fl_lrthcr illustrates the relationship between the fncasurcd current,
ferrocyanide concentration, and the extent of electrode fouling for three concentrations of
ferrocyanide using electrodes with three different extents of fouling, Data points 525 are from
samples containiﬂg 5 mM ferrocyanide, data points 530 are from samples containing 3 mM
ferro‘cyani_de, and data points 535 are from samples containing 2 mM ferrocyanide. The data are
plotted in Figure 14 with the Y-axis representing the reciprocal of the measured DC current. In this
“example, such a representation allows for an approximately linear relationship to be obsefved

between the amount of CA used to foul the electrode and the measured DC current. One of
ordinary skill will recognize that other relationships may exist, depending on the nature of the
electrochemical system and the nature of the fouling. In the example data illustrated in Fig. 14, the

relationship between the DC current and the extent of fouling may be given as:

IL =01317M, + 0275
be . ‘ for samples with 2 mM ferrocyanide;

I.,.=
¢ 0131TM , + 0275

L 01033M, + 01871

be : for samples with 3 mM ferrocyanide;

I..=
P¢ 7 01033M , + 01871
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Tl— =0067M,, + 01279

be for samples with S mM ferrocyanide;

Ie= !
0067M, + 01279

where Ipc is the DC current in microamps and Mc, is the mass of CA used to foul the electrode in
micrograms.

[159] Thus, if measurements are made with the assumption that there is no electrode
fouling, then the calibration curv;: representing this case could be used. However, if the electrode is
fouicd to an unknown extent, then an incorrect ferrocyanide estimate may be computed. For
example, if the electrode were fouled by 3.33 pg of CA @d measurements were made in a sample
containing 5 mM ferrocyanide, then according to Fig. 14, Inc =3.4 pA. Since, in this example, the
extent of electrode fouling is not known or quantified, the calibration curve that is used to estimate
fefrocyénide concentration is the one'constructed with data from an unfouled electrodé, as described
abqve. Using thi; calibration curve, the following inéccur_ate estimate of ferrocyanide concentration
is obtained:

1,.=0.875T[FERRO]+1.6

[FERRO] = Ipc—-1.6 _34-16
" 08757 08757

=2.1mM

{160] Thus,a mc_athod is needed to quantify the extent of electrode fouling so that the
calibration curve p;rameters of slope and infercept may be altered to more accurately estimate the
ferrocyanide concentration in the sample. To probe the extent of electrode fouling, a 1000 Hz sine
wave of 40 mV peak to peak amplitude was suéerimposed oﬁto the DC bias potential of 400 mV
(step 100), as shown in curve 510 of Figure 11. This waveform was then applied to the electrode
system (step 105). In this cxam'ple, since the capacitive proiaertiés of the system are expected to be
the dominant compohent in the high frequency part of the signal, the peak to peak amplitude of the
AC current signal was compﬁted (step 110) by taking the difference between the peak of the sine

wave current and the valley of the sine wave current for the last full measured cycle.
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. [161] Figure 16 shows capacitive signal data represented bby the peak to peak amplitude of
the 1600 Hz AC current signal gathered from samples with different concentrations of ferrocyanide
using electrodes with no fouling (data points 550), 3.33 g of CA used to foul the electrode (data
points 555), and 10 pg of CA used to foul the electrode (data points 560). It is clear from this data
that the AC current amplitude is mostly affected by the extent of fouling and minimally affected by
ferrocyanide concentration. Thus, the average value of the AC current was calculated for each set
of measurements made with a fixed extent of electrode fouling. Figure 17 shows that m this
example, there is a Iinez;r relationship between this average AC curfent amplitude (data points 565)
and the extent of electrode fouling. One calibration equation to describe the relationship between
the extent of electrode fouling and the AC current is given by:

1o =(-8.0598)(M ,)+119.05

wheré I,;c is the peak to peak arﬁbﬁtude of the 1000Hz sinusoidal current component and Mc; is the
mass of CA used to foul the electrode.

[162] The AC measurements may be insensitive to and independent of analyte
concentration in this example. So, the AC current value may be used to estimate the extent of
electrode fouling. Once the extent of electrode fouling has been estimated, a correction to thev
concéntrafion caiibratioﬁ curve may be made to result in a more ablccuratek estixhate_of 'fcnocyanide
concentration.

[163] Cbntinuing with the example of measuring a sémple containing 5 mM ferrocyanide
with an electrode that has been fouled by 3.33 pg of CA, according to Figure 16, an AC current of
96.8 LA would be recorded. Using the calibration curve that relates AC current to mass of CA, the

following estimate of mass of CA is obtained:

L,c=(-8.0598)M ,)+119.05
i =119.05_968-119.05_,
-8.0598  -8.0598

M,=
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[164] Using this estimated mass of CA as a measure of electrode fouling, the correction
factors to the calibration curve slope and intercept may be determined using the equations described

above:

0 A, =-0.0708(M, ) + 0.8853 =-0.0708(2.76)+ 0.8853 = 0.690
PE;, =0.0444(M, )’ - 0.5767(M_, ) +1.6 =0.0444(2.76)" - 0.5767(2.76)+1.6 = 0.346
I =0E, A [FERROY+ fE,,

I,c- - :
[FERRO]C = DC ﬁEIZ - 3.4-0.346 =4.4mM
OF A, 0.690

where [FERRO]c is the estimate of ferrocyanide in the sample that has been corrected for the extent
of e_lect_rode fouling. The corrected estimate of ferrocyanide is thus 4.4 mM; when compared to the
uncorrected estimate of 2.1 mM, the correction method represents nearly a 5-fold reduction of error.
[165] fhis illustrates one example embodiment that uses capacitive ;ignal information to

correct for measurement errors arising from variations in the extent of electrode fouling. Although
this example was illustrated with one frequency of sine wave, improvements to this method may be
realized by using information from multiple frequencies of sinusoidal stimuli, covering a range of
frequencies to construct a set of éorrecﬁon equations to be used. Anothér example of an

- _improvement is to construct calibration curves with a iarger matrix of data. Figures 14, 15, 16, and

| 17 illustrate calibration data from elccﬁodes with three extents of fouling; however, calibration data
may be acquired from electrodes with a greater selection of different extents of fouling to create a
more refined set of calibration curves. Similarly, data may be acquired from samples containing
many more different concenn"ations of ferrocyanide to create a more refined set of calibration
curves. | Another example of an improvement is to use the imaginary part of the AC current signal,
“since the imaginary part of the AC signal is expected to reflect the capacitive properties of the

electrochemical system.
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Example 3:

[166] Another example of a useful benefit of capacitance measurements is detecting when
the sample changes. There may be situations in fuel tank storage where foreign material leaks into
these tanks, as sown in Figure 19. For example, it is not uncommon for water to seep into a fuel
tank that contains petrol products. In some situations, the water and petrol are immiscible and each
| liquid separétes into layers within the tank. This is shown in the figure by a layer of petrol 56 with
a layer bf water 58 on top. There may be a layer of air space 60 above that as well. If an array of
electrodes 62, ‘64, 66, 68, 70, 72, 74 weré lined along the side of the tank, then it may be possible to
spatially resolve the distribution of the water layers within the petrol layers. One way in which this
may be cmbodied is that by measuring the capacitance of each ¢lectrode system 62, 64, 66, 68, 70,
72, 74 by measuring the CDAS. In one example, this can be achieved by applying small amplitude
fxigh frequency sine waves to the electrode system and measniring the resulting current. The AC
current component will contain capacitive information ab.out the electrochemical system. By
referencing external data 30 which contains the CDAS profiles for a petrol samplé énd a water
sample, then thé dérived quantity computation process 28 can determine which set of electrodes
were in contact 'With water samples 72 and 70 and which electrodes were in contact with the petrol
samplcs: 62, 64, 66, 68, and which electrodes were not in contact with eithér 74. This can then
allow for spatially resolving the amount of water seepage into a petrol stofage tank. In this
example, it may be estimated that approximately one part of water for two parts of petrol by volume
are in the tank since two sensors 72 and 70 are in contact with water 58 and four sensors 62, 64, 66,
68 are in contact with petrol. 56.

[167] One of ordinary skill in the art will also recognize the possibility of using other
sources of data in computing the values of capacitance-related properties of an electrochemical
system. One example includes generating a database of capacitance values for different electrode
configurations and sample configurations. For example, it may be possible to develop a set of

admittance spectra for:
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| [168] 1. different ionic strengths of background electrolyte in a given sample;
[169] 2. different thicknc_sses of a particular membrane or part of a membrane that
covers an electrode;
[170] 3. different tﬁicknesses of material that may foul an electrode;

[171] 4. different samples;

[172] 5. | different electrode geometry.

[173]- One of 6rdinary skill in the art will also recognize the possibility of using other
signal i)é.ra:neters to obtain capacitive information about the electrochemical system. One example
includes the initial rate of decay of a measured signal in response to'a step potehtial. Another
cx@ple is the amount of hystén’sis that is obscwed when the elec&mhemical technique of cyclic
voitamhetry is used. |

, [174j Fig. 18 shows an illustrative embodimént ofa gluc.ose meter that can be used to
implement the various methods described abéve. Thé meter includes a test strip connector 600 to
connect the test-strip to the meter. The test strip can include, for example, three electrodes
(working, refcréncé, and counter).

[175] Signal conditioning circuitry 602 is coupled to the test Strip connector 600, and
performs filtering of the waveform applied to the électrqdes in the test strip. Signal éonditioning
circuitry 604 performs filtering of the resultant current signal from the test strip, and records the
current signai. Circuitry 602 and 604 together c;omprise what is known as a potentiostat circuit.
DAC 606 converts digital signals from controller 610 to analog signals. ADC 608 converts analog
signals into digital format for use by controller 610. Controller 610 processes>signals in the meter,
for example, by processing current signais sensed by test strip connector in the manner taught in the
foregoing illustrative embodiments of Figs. 5 and 6. |

{176] Buttons 612 provide a user interface for the user to operate the meter. Power circuit
614 provides power to the meter, usually in the form of batteries, and LCD 616 displays the glu;:ose

concentration to the user.
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'[177] It should be noted that the forrnat‘ of the Fig. 18 meter, and the signal processing
systems and methods taught hefein in Figs. 5-7, can b; used to sense analytes other than glucose.
Such applications include: electrochemical irmnunoassay sensihg, industrial gas sensing, water
quality monitoring (biological or toxic metals), sensing of chemical and biological warfare agents.

[178] The signal processing techniques taught herein can also be applied to existing
sénsing devices, such as a existing glucose testers. Thié modification can be in the form of a
firmware ungadc to existing controllers. |

[179] | The functi.on of ‘the firmware upgrade i§ to implemént the folldwing signal
processing techniques taught herein: |

| [180] ) Applying a customized waveform to the sample. The data that encodes
the shapé of the waveform may reside in memory, will be read by the microprocessor, aﬁd the |
desired waveform may be generated and applied to a digital to analog converter, e.g., DAC 606 of
Fig. 18. o

2) Read in the resulting current signal. The firmware may instruct the microprocessor
to read in the digitized data from the analog to digital converter (sensed from the test »strip
electrodes), e.g., ADC 608 of Fig. 18, and store _the‘ digitized data in memory. The firmware may
perform the memory management that is needed to read in the desired data.
| 3) Perform the mathematical operations to implement the signal processing. This

includes calculating the ﬁarameters according to the firmware’s instructions (e.g., compute éhe
Fourier Transform of the signals), and using these parameter values in the estimation equation (e.g.,
generated by the methods of Fig. Sor Fig. 6) to determine the glucose concentration. |

[181] Otiler processes performed by the firmware may be left to the existing firrhware and
do not need to be part of the upgrade. For example, the firmware rﬁay also control the display of a
result to the user (via the LCD 616 display, for example), and other “behind the scenes” operations
of the meter, e.g., power management, respond to user requests such as scrolling of data, averaging

of data, transferring data to a PC, etc.
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| [182] It will be apparent to those skilled in the art that additional ;/arious modifications and
variations can be made in the present invention without departing from the scope or spirit of the
invention. .
| [183] Othér embodiments of the invention will be apparent to those skilled in the art from
consideration of the specification apd practice of the invention disclosed herein. It is intended that
the_épeéiﬁcatioﬂ aﬁd examples bé considet;ed as exerﬁélary only, with a ﬁue scope of the invention

being indicated by the following claims. -
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WHAT IS CLAIMED IS:
L. A method for monitoring a select analyte in a sample in an electrochemical system,
c'ornprising:

applying to the electrochemical system a time-varying potential superimposed on 2 DC
potential to generate a signal; and
discerning from the signal a contribution from the select analyte by resolving an estimation

equation based on a Faradaic signal component and a nonfaradaic signal component.

2. The method of claim 1, wherein the nonfaradaic signal component is indicative of an

environmental factor of the electrochemical system.

3. The method of claim 1, wherein the Faradaic signal component is indicative of a

concentration of the select analyte.
4, The method of claim 1, wherein the DC potential is approximately 0 volts.

5. The method of claim 1, wherein the time-varying potential comprises a substantially

sinusoid potential waveform of approximately less than 50 mV peak-to-peak amplitude.

6. The method of claim 1, wherein the time-varying potential is a waveform used in

cyclic voltammetry.
7. The method of claim 1, wherein the time-varying potential is a step function.

8. The method of claim 1, wherein the time-varying potential has a variation greater

than 50 mV and capacitive information is extracted by an estimation equation.

9. The method of claim 1, wherein capacitive information is extracted from the

nonfaradaic signal component by spectral analysis.

10.  The method of claim 1, wherein the time-varying potential is a sinusoid potential and

the estimation equation uses information from a fundamental frequency of the signal.
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11. A method of determining a volume of a sample present in an electrochemical system,
wherein the electrochemical system includes an electrode having a surface, wherein the surface
includes a contact portion and a non-contact portion, wherein the contact portion of the electrode is
in electrolytic contact with the sample and the non-contact portion of the electrode is not in contact
with the sample, cor'nprisingz

-applying a potential stimulus to the system to generate a signal;
.measuring the signal;

computing at least one parameter of all or some portion of the generated signal; and

determining a surface area of the contact portion by resolving an estimation equation based
on the at least one parameter, wherein the surface area corresponds to a portion in electrolytic

contact with the sample.

12.  The method of claim 11, ‘wherein the at least one parameter contains capacitive

information about the electrochemical system.

13.  The method of claim 11, wherein the volume of the sample present in an
electrochemical cell is resolved by an estimation equation based on the surface area and dimensions

of the electrochemical cell.

14. . The method of claim 11, wherein the-electrochemical system is comprised of at least

two planar electrodes in a parallel plate geometry.

.15, The method of claim 11, wherein the electrochemical system is comprised of at least

two electrodes on a support substrate lying on the same geometric plane.

16. A method of determining a plﬁrality of environmental factors in an electrochemical
' system, wherein the electrochemical system includes an electrode having a surface, wherein the
surface includes a contact portion and a non-contact portion, wherein the contact portion of the
elecq-ode is in electrolytic contact with the sample and the non-contact portion of the electrode is

not in contact with the sample, comprising:
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applying a time-varying potential stimulus to the system to generate a signal;
measuring the signal; computing at least one parameter of all or some portion of the signal;
and determining values of the plurality of environmental factors by resolving an estimation equation

based on the at least one parameter.

17.  The method of claim 16, wherein the at least one parameter contains capacitive

information about the electrochemical system,

18.  The method of claim 16, wherein the electrochemical systemn includes an electrode
having a surface area, wherein the surface area in electrolytic contact with the sample is determined

by resolving the estimation equation based on the at least one parameter.

19.  The method of claim 16, wherein the electrochemical system includes an electrode
having an area, wherein the area is determined by resolving the estimation equation based on the at

least one parameter.

20.  The method of claim 16, wherein the electrochemical system includes an electrode
having a quantity of fouling, wherein the fouling is determined by resolving the estimation equation

based on the at least one parameter

21.  The method of claim 16, wherein the time-varying potential is a DC bias potential

with a sinusoidal potential superimposed.
22.  The method of claim 21, wherein the DC bias is approximately O volts.

23.  The method of claim 21, wherein the estimation equation extracts capacitive

information from the signal.

24,  The method of claim 21, wherein the sinusoidal potehtial has less than

approximately 50 mV peak-to-peak amplitude.

25.  The method of claim 17, wherein the capacitive information is based on an.

imaginary component of a complex immittance of the electrochemical system
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26.  The method of claim 17, wherein the time-varying current has an amplitude, wherein

the capacitive information is based on the amplitude.

27.  The method of claim 17, wherein the capacitive information is based on a rate of

decay of the signal.

28.  The method of claim 17, wherein the capacitive information is based on a rate of rise

of the signal.

29.  The method of claim 16, wherein the electrochemical system includes a select

analyte in a sample, wherein a volume of the sample is determined.

30.  The method of claim 16, wherein the electrochemical system includes a select

analyte in a sample, wherein the select analyte is glucose.

31. The mpthod of claim 16, wherein the electrochemical system includes a select

analyté in a sample, wherein the select analyte is a carbohydrate.

32.  The method of claim 16, wherein the electrochemical system includes a select

analyte in a sample, wherein the select analyte is a mediator species.

~

33.  The method of claim 32, wherein the mediator species is a ferrocene/ferrocenium

couple.

34.  The method of claim 32, wherein the mediator species is a ferrocyanide/ferricyanide

couple.

35. A method of estimating an analyte concentration in a sample in an electrochemical
systém, comprising:

applying a time-varying potential to the systern to generate a signal;

measuring the signal;

computing at least one parameter of all or some portion of the signal; and
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determining the analyte concentration by resolving an estimation equation based on Faradaic

and nonfaradaic signal information.

36.  The method of claim 35, wherein the electrochemical system includes an electrode,
wherein an area of the electrode is determined by resolving the estimation equation based on the at

least one parameter.

37.  The method of claim 35, wherein the electrochemical system includes an electrode
having a quantity of fouling, wherein the fouling is determined by resolving the estimation equation

based on the at least one parameter.

38. The method of claim 35, wherein the extent of electrolytic contact with the sample is

determined by resolving an estimation equation based on the at least one parameter.

39.  The method of claim 35, wherein the at least one parameter contains capacitive

information about the electrochemical system.

40. An apparatus comprising:

a éotentiostat circuit for applying a potential waveform to and detecting a resulting current
from an eleptrochcrnical system;. and |

at least one membry having program instructions and a processor configured to execute the
program instructions to perform the oberaﬁons of applying a time-varying potential stimulus
- waveform to the electrode 'system to generate a current signal; measuring the generated signal;
computing at least one parameter of a Faradaic component of the measured signal; computing at
least one ﬁarameter of a nonfaradaic component of the measured signal; determining a
concentration of a select banalyte by use of the at least one Faradaic parameter and the at least one
nonfaradaic parameter to resolve an estimation equation for the select analyte; and determining a
value of an environmental factor in the electrochemical system by use of the at least one Faradaic
parameter and the at least one nonfaradaic parameter to resolve the estimation equation for fhe

Value of the environmental factor.
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41. A method of constructing estimation equations for monitoring a select aqalyte ina
sAample, comprising: | ‘

selecting a time-varying potential waveform to generate a signal when applied to an
electrochemical system;

applying the waveform to samples containing multiple different concentrations of the
analyte and measuring the resulting signal;

applying the waveform to systems with multiple different environmental factors; selecting
features of the signal to use as parameters; |

computing at least one parameter of the signal based on a Faradaic signal compbnent;
computihg at least one parameter of the signal based on a nonfaradaic signal component; and

cbnstructing a set of equations that relates analyte concentration and values of

environmental factors to the at least one Faradaic parameter and to the at least one nonfaradaic

parameter.

42, A method_of determining the identity of a sample in efectrolytic contact with an
electrochemical system, comprising:

applying a time-varying potential to the syétem to ggnerate a sighal; méasuring the
generated signal; éomputing at least one paraméter of 'au or some portion of the generated signal;
and determining the identity 6f the sample by comparing the at least o.ne pafameter to kﬁown

parameter values of known samples.

-43.  The method of claim 42, wherein the electrochemical system is comprised of

multiple electrodes in a geometric arrangement.

44. ° The method of claim 42, wherein the amounts of different samples present in an

electrochemical system are estimated.

45.  The method of claim 42, wherein the number of electrodes in electrolytic contact

with a particular sample is used to estimate the volume of that particular sample.
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